toskeletal signaling is still elusive, much progress has been made in identifying pathways and effector molecules that control the rapid and initial response of actin assembly to particular guidance factors ( 
to be normal even in the strongest orbit/MAST alleles genesis, we discover that Orbit/MAST is necessary for (e.g., Figures 1G and 1H ). We also checked the fate of accurate axon guidance at the midline choice point. the midline glia that secrete Slit, but no abnormalities Phenotypic characterization, genetic interactions, and were detected (see below). To prove that the orbit/MAST genetic epistasis experiments suggest that this MAP axon defects represent a late, CNS-specific function of acts downstream of Abl in the Slit repellent pathway, the gene, we expressed UAS-orbit(ϩ) in mutant backconsistent with its localization to axons and growth grounds under the control of postmitotic, neuron-specones. Parallel imaging studies in Xenopus growth cific GAL4 (elav-GAL4 and 1407-GAL4; Luo et al., 1994). cones show that vertebrate CLASP identifies a subset Quantification of ectopic midline crossing in indepenof axonal microtubules that extend into the peripheral dent orbit/MAST mutants revealed an allelic series of domain, where actin dynamics are known to influence guidance defects whose penetrance was consistent microtubule behavior. Finally, we show that elevation of with the perdurance of some maternal protein (Figure CLASP activity in Xenopus neurons reduces not only 1I). However, two independent transgenes successfully microtubule advance but also growth cone translorescued the axon guidance defects of null orbit/MAST alleles ( Figure 1I, asterisks) . Thus, Orbit/MAST is recation. (N) Measurement of the distance between the left and right Sema2b fascicles reveals a highly significant inward shift in the lateral position of these axon tracts in orbit 2 /orbit 2 (double asterisks; n ϭ 109) compared to wild-type and heterozygote controls (wild-type, n ϭ 38; orbit 2 /ϩ, n ϭ 52; p Ͻ 0.01; Student's t test). quired cell autonomously during neuronal differentiation ( Figure 1K ). This shows that Orbit/MAST is required for accurate directional specificity of axon growth. for accurate axon guidance decisions.
The late-stage axon pathway defects in orbit/MAST In addition to controlling midline crossing of axons, Slit repulsion determines the lateral position of longitudimutants suggest a failure in the repellent effects of Slit on growth cone orientation. To be certain that the orbit/ nal axon fascicles within the CNS neuropil (reviewed by Rusch and Van Vactor, 2000) . We used a marker for a MAST phenotype reflects a loss of growth cone orientation and not simply a change in patterns of axon fascicumediolateral axon fascicle (Sema2b-Tau-myc; Rajagopalan et al., 2000) to examine this later function of Slit lation, we inspected axon trajectories of pioneer neurons before other axons were available to serve as a and its Robo receptors. In wild-type, Sema2b-positive axons cross the midline, turn, and extend along a substrate for fasciculation. At late stage 12, the posterior corner cell (pCC) helps to pioneer the MP1 pathway straight longitudinal trajectory ( Figure 1L ). In orbit/MAST mutants, a few Sema2b-positive axons meandered toproximal to the midline (Thomas et al., 1984) ; pCC neurites extend anteriorly and slightly away from the midline ward the midline from lateral positions ( Figure 1M ). However, measurement of the lateral separation of these in wild-type ( Figure 1J ). In orbit/MAST homozygotes, we find that the pCC often orients toward the midline, axon tracts reveals a significant inward shift in orbit/ MAST mutants ( Figure 1N ; p Ͻ 0.01). Together, our gesometimes crossing to meet its contralateral homolog demonstrate that Orbit/MAST protein is in the right locaUsing in situ hybridization, we asked if orbit/MAST is tion to play a direct role in growth cone turning. However, transcribed in the CNS during the late embryonic stages due to the small size of Drosophila growth cones, highwhen axon pathways are constructed. At early stages resolution images of Orbit/MAST subcellular localization of development, orbit/MAST RNA expression is quite and dynamics are difficult to obtain in this system. Thus, broad (e.g., Figure 5A ). However, during the key stages we turned to larger vertebrate growth cones for the next of neuronal differentiation (stages 12 through 17), we level of analysis. find that the signal accumulates in the developing CNS (Figures 5B and 5C ).
To investigate localization of endogenous protein, we Vertebrate CLASP Identifies a Subset of Growth Cone Microtubule Plus Ends used anti-Orbit/MAST antibodies on the embryonic CNS and found that it accumulates largely within the neuropil The vertebrate Orbit/MAST ortholog CLASP is known to localize along microtubules and at their plus ends in (Figures 5D-5F 
6B). Lower levels of GFP-CLASP were also seen along
Further imaging of GFP-CLASP dynamics revealed that CLASP identifies a subset of microtubules that the length of microtubules ( Figure 6C ) and diffusely in the cytoplasm. When the numbers of CLASP-positive probe and penetrate the growth cone leading edge where guidance signals influence actin assembly. dashes were compared in growth cones and axon shafts, it was evident that CLASP was preferentially loTracking of individual GFP-CLASP dashes showed that some of the microtubule plus ends that accumulate calized to the growth cone (Figures 6D and 6E The CLASP and CLIP-170 dashes both exhibited neously, we could see microtubules track along actin bundles emanating from individual filopodia ( Figure 7F ). movement predominantly toward the growth cone leading edge (see kymographs in Figures 6E and 6F) . ConsisTogether, these data indicate that CLASP localizes to the subcellular domain, where microtubule advance into tent with growing plus end tracking behavior, GFP-CLASP dashes moved at an average of 9.7 Ϯ 2.1 m/ the leading edge is controlled. min, matching previously recorded microtubule growth rates in Xenopus neurons (10.5 Ϯ 1.9 m/min; Tanaka Elevated CLASP Impedes Growth Cone Microtubule Advance and Kirschner, 1991). Microtubules that underwent catastrophe and retracted lost their GFP-CLASP signal.
The localization of CLASP to a subset of microtubule plus ends that explore the growth cone periphery supThus, the Orbit/MAST/CLASP protein associates preferentially with dynamic microtubule domains.
ports the model that CLASP activity directly mediates Figures 8A and 8E) . Thus, raised the question of how microtubule stabilization might contribute to repulsion of the leading edge. While CLASP can impede microtubule growth toward the leading edge and cause the growth cone to slow down. This CLASP LOF was not possible in Xenopus neurons where we could examine microtubule dynamics and morpholsupports our genetic data that place CLASP downstream of a growth cone repellent. ogy in detail, we decided to explore this question by elevating CLASP activity. Using mRNA injection to control the amount of GFP-CLASP expression, we found Discussion that low levels had no effect on the morphology or dynamics of growth cone microtubules (Figures 8A-8D) .
Growth cone navigation relies on the induction of cell polarity events at the motile leading edge through intraHowever, high levels of GFP-CLASP correlated with several striking observations. In these growth cones ( 
